INTRODUCTION
============

Histopathologic data indicate that plaque composition is a major determinant of the tendency of atherosclerotic lesions to provoke clinical events. In particular, thin-cap fibroatheroma (TCFA) plaques with macrophage and large necrotic cores are at high risk for rupture and result in epicardial coronary occlusion.[@B1],[@B2] Recent data suggest that spectral analysis of intravascular radiofrequency ultrasound, known as Intravascular Ultrasound-Virtual Histology (IVUS-VH), offers an opportunity to simultaneously assess the morphological and histopathological characteristics of plaque. This ability allows IVUS-VH to define TCFA plaques *in vivo*.[@B3]-[@B5]

Numerous clinical trials have shown that lipid lowering therapy with statins reduces cardiovascular morbidity and mortality, with significant effects evident only after 12 to 24 months of treatment. Although these trials excluded patients with recent unstable angina or acute myocardial infarction (MI),[@B6],[@B7] patients experience the highest rates of death and recurrent cardiovascular ischemic events during the early period after an acute coronary syndrome (ACS).[@B8] Therefore, strategies to stabilize vulnerable plaques during the early high-risk period are of paramount importance. Recently, early statin treatment in patients with ACS showed a significant advantage at short-term follow-up.[@B9],[@B10] Of note, early aggressive lipid-lowering by atorvastatin induced a significant reduction in coronary plaque volume, assessed by volumetric IVUS analysis at 6 months after the onset of ACS.[@B11] This early benefit in ACS might be explained by the difference in target plaque characteristics between ACS and stable coronary artery disease, and is expected to be more pronounced in patients with vulnerable plaque. We therefore hypothesized that target plaques according to plaque stability may exhibit different susceptibilities to statin therapy during the early period of ACS; specifically, TCFA, representative of vulnerable plaque, would demonstrate earlier and greater reduction of lipid core compared with non-TCFA. To test this hypothesis, we prospectively examined IVUS-VH in our patients with ACS at baseline and after 6 months on statin therapy. Because this may also contribute to demonstrating the early benefits of statin following ACS *in vivo*, the roles of lipid profile and systemic levels of C-reactive protein (CRP) were also investigated.

MATERIALS AND METHODS
=====================

Study design
------------

This prospective, single-center study was designed to assess the effect of 6 months of treatment with statin on induction of plaque composition change in non-PCI sites of the culprit vessel by serial volumetric IVUS-VH analysis. Patients received statin treatment immediately after PCI. Use of lipid-lowering medication for \>3 months within the previous 12 months was not allowed. Patients who received lipid-lowering therapy in the 4 weeks prior to enrollment were also excluded. Patients aged 18 to 75 years were eligible for inclusion in the present study if they had been recommended for an intracoronary revascularization procedure and had successfully undergone intracoronary intervention. The target plaque was qualified for the IVUS study if it had not been influenced by any previous therapeutic intervention, and if the diameter of the stenosis was \<50% on quantitative coronary angiography. The plaque had to be \>10 mm proximal to the acute intervention site. Another coronary artery was imaged if there was no plaque visible in the intervened vessel.[@B3] Bifurcation lesions, lesions with severe angulation, heavily calcified lesions, and lesions with poor image quality were excluded from the present study. ACS was defined as unstable angina, non-ST-segment elevation MI or ST-segment elevation MI. The present study was approved by the hospital\'s Ethics Committee, and written informed consent was obtained from all patients.

Gray scale and IVUS-VH analyses
-------------------------------

Details regarding the validation of the technique, on explanted human coronary segments, have previously been reported.[@B3] Briefly, IVUS-VH (Volcano Corp., Rancho Cordova, CA, USA) uses spectral analysis of IVUS radiofrequency data to construct tissue maps that classify plaque into four major components. In preliminary *in vitro* studies, four histological plaque components (fibrous, fibro-lipid, necrotic core, and calcium) were correlated with a specific spectrum of the radiofrequency signal. These different plaque components were assigned color codes. Calcified, fibrous, fibrolipidic, and necrotic core regions were labeled white, green, greenish-yellow, and red, respectively. IVUS-VH data were acquired after intracoronary administration of nitrates using a continuous pullback (0.5 mm/s) with commercially available mechanical sector scanners (2.9 Fr Eagle Eye 20-MHz catheter, Volcano Corp., Rancho Cordova, CA, USA) by a dedicated IVUS-VH console (Volcano Corp., Rancho Cordova, CA, USA). The IVUS-VH data were stored on a CD-ROM/DVD and sent to the imaging core lab for offline analysis (Asan Medical Center, Seoul, Korea). Manual contour detection of both the lumen and the media-adventitia interface was performed. IVUS-VH analyses were reported in absolute amounts and as percentages (relative amounts) of each plaque. The target segment was selected and determined with a reproducible index side branch. Geometrical and compositional data were obtained for each cross-sectional area (CSA), and an average was calculated for the most diseased 10-mm subsegments. Baseline and follow-up IVUS-VH images (6 months) were reviewed side by side on a display. The primary end point of this study was change in percent necrotic core (baseline minus follow-up).

Two experienced, independent IVUS analysts defined IVUS-derived TCFA as a lesion fulfilling the following criteria in at least three consecutive frames: 1) necrotic core ≥10% without evident overlying fibrous tissue and 2) percent atheroma volume ≥40%.

To assess the reproducibility of VH measurement, baseline images of 10 cases were randomly selected. The interobserver correlation coefficient for percent necrotic core was 0.994 and the percentage of errors was 0.36±0.75%. There was little intra-observer or inter-observer disagreement in the diagnosis of VH-derived TCFA (intra-observer; κ=0.83, 95% CI, 0.74-0.92, inter-observer; κ=0.80, 95% CI, 0.70-0.89).

Gray-scale IVUS measurements of external elastic membrane, plaque and media and lumen CSAs, and plaque burden (plaque and media divided by external elastic membrane) were performed for every recorded frame; volumetric data were generated by software using Simpson\'s method.

Measurements of markers of lipid metabolism and inflammation
------------------------------------------------------------

CRP levels were measured in serum using a commercially available kit (N High Sensitivity CRP, Dade Behring, Marburg, Germany). Plasma concentrations of total cholesterol, high-density lipoprotein cholesterol, and triglycerides were measured at our clinical laboratory. The Friedewald formula was used to derive low-density lipoprotein cholesterol (LDL-C) levels. Changes of lipid and inflammatory parameters were calculated as the difference between baseline and follow-up values.

Statistical analysis
--------------------

Simple descriptive statistics were used to summarize the data. Categorical variables are described using frequencies and percentages. For continuous variables with a normal distribution, means±SD are reported. For CRP levels, which were not normally distributed, median and inter-quartile ranges (IQR) are reported. Correlations between variables are described with the use of Spearman rank-correlation coefficients. To assess inter- and intra-observer variability, results were compared using the κ-test of concordance for the categorical data. *p*-values \<0.05 were considered statistically significant.

RESULTS
=======

Characteristics of the patients
-------------------------------

Between January 2007 and May 2008, 64 patients with ACS were enrolled in this study. Six patients were withdrawn because they refused follow-up angiography. Four patients did not take statins during the follow-up period. Thus, a total of 54 patients (54 lesions) completed protocol. The mean patient age was 59±10 years; 38 patients (70%) were men; and 50 patients were diagnosed with unstable angina. We classified and analyzed the target plaques into two types according to plaque stability: TCFA (n=14) and non-TCFA (n=40). Demographic characteristics and baseline medications were similar in both groups ([Table 1](#T1){ref-type="table"}), with the exception of a significant difference in median CRP levels: 2.53 mg/L (IQR; 0.95 mg/L to 8.40 mg/L) in patients with TCFA versus 1.02 mg/L (IQR; 0.42 mg/L to 2.00 mg/L) in patients with non-TCFA (*p*=0.02).

Laboratory results
------------------

Patients were treated with various statins as follows: 40 (74%) atorvastatin, 8 (15%) simvastatin, and 6 (11%) rosuvastatin. Baseline and follow-up laboratory characteristics are summarized in [Table 2](#T2){ref-type="table"}. Statin treatment resulted in a 44% reduction in LDL-C level to a mean of 67.3 mg/dL; CRP level decreased by 47% to a mean of 1.69 mg/L.

Volumetric IVUS-VH and gray-scale IVUS analysis
-----------------------------------------------

[Table 3](#T3){ref-type="table"} shows the findings of IVUS-VH measurements at baseline and follow-up. On the analysis of primary efficacy parameters in the entire patient population (n=54), no change in percent necrotic core (18.7±8.5% to 20.0±11.0%, *p*=0.38) was demonstrated in the most diseased 10-mm subsegments. Similarly, there was no change in percent necrotic core at the minimum lumen site (19.8±10.0% to 20.3±11.8%, *p*=0.76) and largest necrotic core site (26.6±9.6% to 29.5±12.5%, *p*=0.1). When we performed the analysis according to plaque stability, however, there was a significant reduction in necrotic core percentage (21.3±7.2% to 14.4± 8.9%, *p*=0.017) and absolute volume (12.5±6.7 mm^3^ to 8.1±8.4 mm^3^, *p*=0.018) in patients with TCFA. On the other hand, no changes in absolute volume and necrotic core percentage were observed in patients with non-TCFA ([Fig. 1](#F1){ref-type="fig"}). Among 14 patients with TCFA, 13 patients showed a reduction in percent necrotic core at 6 months. However, 18 patients (out of 40) with non-TCFA showed a decrease in necrotic core after statin therapy. The analysis of change in each plaque component in 14 patients with TCFA showed that the percentage of fibrotic plaque was increased (60.6±9.6% to 66.4±9.9%, *p*=0.14), although statistical significance was not reached ([Fig. 2](#F2){ref-type="fig"}). [Fig. 3](#F3){ref-type="fig"} shows the IVUS-VH images of a representative patient for each type of plaque. Baseline and follow-up IVUS-VH images are presented side by side. Marked reduction in the necrotic core is clearly observed in a patient with TCFA only after 6 months of pharmacological intervention, whereas an increase in the necrotic core is observed in a patient with non-TCFA. [Table 4](#T4){ref-type="table"} shows the baseline and 6-month follow-up data of volumetric gray-scale IVUS analysis in the target plaque. Plaque volume was significantly reduced (2.85±10.99% decrease; *p*=0.03 for baseline versus follow-up), as well were lumen and vessel volume.

Influence of lipid profile and CRP
----------------------------------

There was no significant correlation between LDL-C level reduction and decrease in CRP (r=0.2, *p*=0.14). Change in percent necrotic core showed a significant correlation with change in CRP level (r=0.4, *p*=0.003). In contrast, changes in LDL-C level and lipid core demonstrated no significant associations ([Fig. 4](#F4){ref-type="fig"}).

Ischemic events
---------------

None of the patients in either the TCFA or non-TCFA groups experienced ischemic events related to the target segment during the 6-month follow-up period.

DISCUSSION
==========

Our study investigated whether early statin therapy in patients with vulnerable plaque compared with stable plaque reduces necrotic core assessed by IVUS-VH at 6 months. The results of this study clearly showed a reduction of lipid core in only patients with TCFA, which suggests that plaque stabilization following statin therapy might occur earlier in vulnerable plaque than in stable plaque. In addition, change in necrotic core showed a significant correlation with change in CRP level. This is the first report to clarify the relationship between plaque stability and statin response, particularly during the early period of ACS, and to further examine the influence of a systemic inflammatory marker on plaque composition *in vivo*.

Plaque stability and early statin response
------------------------------------------

Goldstein, et al.[@B12] suggested that plaque instability might reflect a \"pan-coronary\" process. Their concept of multifocal plaque instability was supported by angiographic natural history studies in patients with ACS, in whom rapid progression not only occurred in culprit lesions, but also in nonculprit lesions. In a serial angiographic evaluation of our recent data, multiple complex plaques in non-culprit lesions were also identified in 27% of acute ST-segment elevation MI.[@B13] It seems likely that overall coronary instability is responsible for the frequent recurrence rate after acute treatment of culprit lesions in ACS. In fact, it is within the early period after an ACS that patients experience the highest rate of death and recurrent ischemic events.[@B8] Recently, the MIRACL and PROVE-IT trials indicated that early intensive statin initiation during the acute phase of ACS reduces the risk of recurrent ischemic events.[@B9],[@B10] However, there is little scientific basis for recommending early statin initiation to reduce recurrent ischemic events.[@B14] Our study may provide insight into the early benefit of statin following ACS. As a matter of fact, we substantiated our speculation that the benefit of early statin therapy could be more pronounced in patients with vulnerable plaque than in those with stable plaque. To confirm our data, determination of whether or not percent necrotic core in non-TCFA is decreased in the long-term is needed.

In contrast to the observation presented here, recent data provide conflicting evidence that early statin therapy does not reduce the incidence of major cardiovascular events.[@B15] However, there were several differences among previous studies, including population selection, baseline risk profile, and statin initiation time. In addition, some of the benefits of statin treatment in the early period after ACS may only become manifested or evident in long-term follow-up, because it is likely that the beneficial effects of statins are cumulative. Further studies are warranted.

Demonstration of composition change
-----------------------------------

Parallel to clinical outcomes trials, imaging studies, in particular IVUS-based studies, have substantially contributed to understanding the benefits of lipid lowering therapies in coronary artery disease. In fact, these studies have demonstrated slowing of atherosclerosis progression or regression as a surrogate marker of clinical outcomes after statin therapy.[@B16]-[@B18] However, these modalities may not provide precise histological findings. On the contrary, the use of radiofrequency signals may be more reliable for plaque characterization. A study using Integrated Backscatter-IVUS, which is able to depict the tissue characteristics of plaques, showed a significant reduction of lipid core volume after statin therapy.[@B19] The present study showed consistent findings with those of animal studies that demonstrated a reduction of macrophage content and an increase of fibrosis after lipid lowering therapy.[@B20],[@B21] However, IVUS-VH further has the ability to define TCFA plaques as well as plaque composition *in vivo*. In fact, we clearly demonstrated not only a reduction in plaque volume, but also a remarkable change in relative lipid volume and an increase in fibrosis in TCFA.

Mechanism
---------

The REVERSAL and ASTEROID trials utilizing conventional IVUS showed that intensive lipid-lowering treatment achieved reduced progression or regression of coronary atherosclerosis in stable patients after 18 to 24 months.[@B16],[@B17] The recent ESTABLISH study also revealed that early lipid lowering therapy by atorvastatin significantly reduced plaque volume in ACS after only 6 months.[@B11] Our results of volumetric analysis are in line with these studies in terms of reduction of plaque volume. However, there was a discordant result regarding plaque composition after statin therapy. Although analysis of the entire patient population in this study showed no change in percent necrotic core between baseline and follow-up, a significant reduction in necrotic core percentage was observed in TCFA, but not in non-TCFA. The detailed mechanism of how statin treatment is more effective in vulnerable plaque than stable plaque during the early period of ACS could not be identified. Interestingly, a recent investigation from the REVERSAL trial demonstrated that constrictive remodeling of the arterial wall, representative of plaque stabilization, lacked an independent relation to LDL-C, but was positively related to CRP levels.[@B22] These results suggest that the reduction of plaque burden associated with LDL-C lowering alone does not ensure constrictive remodeling following statin therapy. Moreover, the degree of CRP level reduction appears to be more important for plaque stabilization than that of LDL-C level reduction, especially during the early period of ACS. Furthermore, in the PROVE-IT trial, CRP levels rapidly diverged between treatment groups, likely accounting for the particularly rapid divergence of major cardiovascular events.[@B10] Our data also demonstrated a significant correlation between change in percent necrotic core and CRP level. Thus, our observation reemphasizes the role of inflammation in plaque stabilization by statin therapy, particularly during the high risk period after ACS. However, the exact mechanism of this early benefit according to plaque stability cannot be established solely on the basis of these aforementioned results. To do so, biochemical markers or higher-resolution imaging techniques that can better define the mechanism of early stabilization after statin therapy are needed.

Study limitations
-----------------

Several limitations should be taken into consideration. First, only 54 patients from a single center were enrolled; however, in order to obtain the high-quality images that allowed us to accurately identify a significant difference in plaque composition change, bifurcation lesions, lesions with severe angulations, heavily calcified lesions and lesions with poor quality image were excluded from this study. Thus, we precluded generalization of the findings to all patients with ACS. Second, an analysis of entire coronary segments was not performed. Measurement of the 10-mm subsegment with the most severe disease is substantially less rigorous compared with that of the entire segment. In addition, image matching of the target lesion between baseline and follow-up could increase measurement variability. Third, we could not include a control group who received a placebo; however, it was deemed ethically unacceptable in the setting of ACS. We compensated for the lack of a control group by blinding the information on the IVUS-VH. Fourth, VH-TCFA is not yet a validated surrogate for plaque prone to thrombosis. A study regarding the natural history of TCFA derived from IVUS-VH study, therefore, is needed to address this problem. It is also unclear whether TCFA detected by IVUS-VH was a true vulnerable plaque. In fact, a recent study indicated that this modality alone is not sufficient for detecting TCFA.[@B23] However, in an effort to reduce biased selection, we demonstrated little intra-observer or inter-observer disagreement in the diagnosis of VH-derived TCFA. Finally, a long-term follow-up study is needed to establish earlier statin responses in TCFA than in non-TCFA.

In conclusion, despite these limitations, this is the first report, to our knowledge, to evaluate *in vivo* the relationship between plaque stability and early statin response, and to examine the influence of a systemic inflammatory marker on plaque composition. In conclusion, the present study provides valuable insight into understanding plaque composition change according to plaque stability, especially during the early period of ACS.
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![(A) Change in mean percent necrotic core in the most diseased 10-mm subsegment during 6-month follow-up. Significant reduction in percent necrotic core in TCFA is observed. (B) Change in mean absolute necrotic core volume in the most diseased 10-mm subsegment during 6-month follow-up. Significant reduction in absolute necrotic core volume in TCFA is observed. TCFA, thin-cap fibroatheroma; NS, non-specific.](ymj-54-336-g001){#F1}

![Change in percentages of the four plaque components in TCFA (n=14) during 6-month follow-up. TCFA, thin-cap fibroatheroma.](ymj-54-336-g002){#F2}

![Representative examples of IVUS-VH images at largest necrotic core site for each plaque type. Baseline (left panel) and follow-up (right panel) images are displayed side by side. (A) Baseline image in the TCFA type. (B) Reduction of necrotic core is clearly observed after 6 months. (C) Baseline image in the non-TCFA type. (D) Increase of necrotic core is clearly observed. IVUS-VH, Intravascular Ultrasound-Virtual Histology; TCFA, thin-cap fibroatheroma.](ymj-54-336-g003){#F3}

![Correlation between (A) change in necrotic core percentage and change in LDL-C level, as well as between (B) change in necrotic core percentage and change in CRP level. LDL-C, low-density lipoprotein cholesterol; CRP, C-reactive protein.](ymj-54-336-g004){#F4}

###### 

Baseline Clinical Characteristics
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AMI, acute myocardial infarction; LAD, left anterior descending artery; RCA, right coronary artery; LCX, left circumflex artery; IQR, inter-quartile ranges; TCFA, thin-cap fibroatheroma; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; ACS, acute coronary syndrome.

Values are expressed as mean±SD.

###### 

Change in Lipid Parameters and CRP Levels during Treatment (n=54)
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HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; SD, standard deviation.

Values are expressed as mean±SD.

###### 

IVUS-VH Findings at Baseline and Follow-Up (n=54)
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IVUS-VH, Intravascular Ultrasound-Virtual Histology; SD, standard deviation.

Values are expressed as mean±SD.

###### 

Volume Parameters Derived from IVUS Measurement
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IVUS-VH, Intravascular Ultrasound; SD, standard deviation.

Values are mean±SD.
